The width of the Hadley cell is studied over a wide range of climate regimes using both simple and comprehensive atmospheric general circulation models. Aquaplanet, fixed sea surface temperature lower boundary conditions are used in both models to study the response of the Hadley cell width to changes in both global mean temperature and pole-to-equator temperature gradient. The primary sensitivity of both models is a large expansion of the Hadley cell with increased mean temperature.
Climate models show a general drying of the subtropics (and moistening of the deep tropics) 8 in simulations of global warming, a fact that is relatively well-understood from basic theoretical 9 arguments (Allen and Ingram (2002) ; Held and Soden (2006) ). However, the location of the dry 10 zones can shift as well. A poleward expansion of the Hadley cell could have a dramatic impact on 11 locations such as Southwestern North America, the Mediterranean, southern South America, and 12 Australia.
13
Such a shift of the edges of the Hadley cell has recently been identified in simulations in the 14 WCRP CMIP3 multi-model dataset . A similar poleward shift with global warming 15 has been identified in the storm tracks in midlatitudes (Kushner et al. (2001) ; Yin (2005) ; Bengts-16 son et al. (2006)). The Hadley cell expansion has been pointed to as important in determining the 17 predicted Southwestern North American drought (Seager et al. 2007 ) in global warming simula-18 tions. A widening of the Hadley cell has also been seen in recent satellite observations (Fu et al. 19 2006).
20
However, climate models vary to some extent in their predicted response. Therefore, it is 21 important to understand the mechanisms behind the Hadley cell expansion, for interpreting model Hadley circulation width based on this concept. The theory, which assumes angular momentum 33 conservation to the latitude where the Phillips' criterion for baroclinic instability (Phillips (1951); 34 Pedlosky (1987) ) is first satisfied, can be written as the following:
where φ H is the Hadley cell latitude, H is tropopause height, and ∆ v is the gross dry static stability 36 (the difference in potential temperature between the surface and the tropopause). A similar scaling 37 can be derived by assuming a critical Eady growth rate for baroclinic instability, which results 38 in a change of exponent from 1/4 to 1/6. The H00 scaling has been shown to be accurate for 39 simulations of global warming , as well as a set of idealized dry simulations in the 40 study of Walker and Schneider (2006) . Idealized moist simulations also show a poleward shift of 41 the storm tracks with increased moisture content ; Frierson et al. (2007) ), but 42 it is clear in these simulations that the subtropical jet can separate quite far from the eddy driven 
where T m is the global mean temperature, ∆T is the equator-pole temperature difference, and 
2a. Idealized Moist GCM

78
The idealized GCM consists of various simplified physical parameterizations coupled to a spectral 79 dynamical core which solves the primitive equations Frierson (2007b) ).
80
The model physics includes gray radiative transfer (which does not include water vapor or cloud 81 radiative feedbacks), a simplified Monin-Obukhov surface flux scheme, a K-profile boundary layer 82 scheme, and a simplified Betts-Miller convection scheme (Betts (1986) ; Betts and Miller (1986) ; 83 Frierson (2007b)). The idealized GCM is run at T42 resolution, with 25 vertical levels.
The full GCM simulations in this paper are the same simulations originally used to study pole-
86
ward heat transports in the study of Caballero and Langen (2005 (Jacob 1997) . The model uses the physical parame-
90
terizations of the NCAR CCM3.6 model (Kiehl et al. 1996) and the dynamical core of the NCAR
91
CCM2 model. The full GCM is run at T42 resolution, with 18 vertical levels. When the SST is 92 below 0 • C in the full GCM, sea ice is specified. 
Results
94
We first examine the width of the Hadley circulation for both the idealized GCM and the compre-
95
hensive GCM in Figure 1 . We define the width based on the zonally averaged overturning stream-96 function: the distance between the equator and the latitude where the 500 hP a streamfunction is 0.
97
In Figure 1 , the x-axes are the temperature gradient ∆T and the y-axes are the mean temperature In terms of changes in the Hadley cell width with SST in Figure 1 , the most prominent sen-
108
sitivity is an increase in extent with increased mean temperature. This is present in both models, hemisphere for the A2 scenario simulations.
116
There is also a smaller increase in Hadley cell extent with temperature gradient in both models. the reasons for the dependence on ∆T in more detail after comparing with the simple scalings.
128
We next examine changes in the Hadley cell extent as compared with the theories presented in 129 Section 1. As discussed in that section, the H00 scaling (Eqn. 1) is most appropriate for situations
130
in which the Hadley cell continues up to the latitude where baroclinic instability begins to occur.
131
Such a situation would be especially expected in cases when the subtropical and eddy-driven jets 132 are merged, which occurs in nearly all of the simulations presented here (with the exception of 133 some of the warmest cases). In Figure 2 we compare with the H00 scaling as given by Eqn. subtropics between 20 and 40 degrees to create the scaling.
137
As shown in Figure 2a , the H00 scaling works quite well for the idealized GCM, with only a few 138 of the coldest and smallest temperature gradient simulations differing noticably from the scaling.
139
For the full GCM (Figure 2b ), the scaling again works well for the majority of the simulations.
140
There is a similar tendency to underpredict the width for the coldest simulations, and additionally 141 a tendency to overpredict the warmest simulations. We note that using a scaling which assumes 142 a critical Eady growth rate for baroclinic instability (Held 2000) works better in predicting the
143
Hadley cell width for the full GCM, but not as well for the idealized GCM (not shown).
144
Assuming that the H00 scaling does properly capture the dynamics of the Hadley cell width,
145
what factors within this scaling cause the expansion with mean temperature and temperature gradi-146 ent? Both the tropopause height and the gross static stability increase with mean temperature and 147 temperature gradient, but within the scaling of Eqn. 1, the static stability is the dominant factor.
148
The tropopause heights vary by a factor of 2 from the lowest to the highest case, while the dry 149 stabilities vary by a factor of 7. Increases in the tropical static stability with mean temperature 150 are expected from simple application of the moist adiabatic lapse rate (Xu and Emanuel 1989) .
151
An increase in static stability in the subtropics and midlatitudes is also expected with increases 152 in both mean temperature and meridional temperature gradients, as shown by recent examinations 153 of observations (Emanuel (1988) ; (Juckes 2000) ), idealized models , and the
154
WRCP CMIP3 multi-model dataset (Frierson 2006 
169
We interpret the increase in width with mean temperature and temperature gradients with the 170 theory of H00. With increases in SST and SST gradients, there are increases in the dry static 171 stability, a result that is expected from previous studies (e.g., Xu and Emanuel (1989), Frierson 172 (2007a) ). The increased static stability then reduces baroclinic growth rates, which pushes the 173 latitude of baroclinic instability onset (and therefore the edge of the Hadley cell) to a location that 174 is farther poleward, where the shear and the factor of f /β in the Phillips' criterion are larger.
175
The H00 scaling used here is based on the Phillips' criterion; however, a similar scaling can 176 be derived assuming a critical Eady growth rate as the edge of the Hadley cell (Held 2000 
